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Comparative Strengths of Four Organic Bases
in Benzene'

Marion Maclean Davis and Hannah B. Hetzar

Speatrophotonietric atudies have showty that the reaciion of the baka 1, 3-di-p- lgiiani-
dine with the acldic indlestor dye bromophthalein megents E {tamhmmuphenolpﬁtﬁl,;lem
ethyl ester) in benzene at 25* ), like the reactions of 1, &-diphenylguanidine sod 1,2, 3-tri-
phetiylatanidfve with the aa e iodicator, ¢ ba rapreashitad by the following twhd equationa:

B + HA = BHYA-
(eoborlesn besel  (yellow sakd}  (mogsnte sakt)
BHYA“+B=(BHB)*A-
[ aalt)

For ditaly!guenidine, the equilibrium conrtants K, and K, {for the first and szoond reastions,
vespactively, m astinated o ba 1.1 100 ahd 6.4, Thess values Are gompared with values
for Ky snd Ky previcusly found for di- and teiphenylguanidine snd the value of K, found Tor

Easenrch Paper 2326

triethyleming.

e values For K,, which moeasure the velative tendebicies of tha Dasag to fork stlts with

the ndicator aeld in benzens, would be expested to porallel the jienic disocietion constants
the bages in weter. However, the paralleliem is not good. Diphenylguarnidine snd
ditel wlgwanidine, which are preatmed 4o be weaker Dasas in water than toiethrlamine, sre

nuch more remctive in benzene,

The realte demonetrate how mislesding the sdqueous

dissociation ponstants may be as & gage of the relative resctivities of baser in a nonagqueous

anlyan b such AR DetEone,

1. Introdunection

Hanizeeh and his coworkers were the first to |

demonztrate that acids that appear equally strong in

aquecns =solutions (for example, perchloric, hydro-.

chlorie, and nitric acids) display markedly different
intrinsic Btrenégths in organie eolventa like chloroform
and cther [1].

In their work, two kinetic methods and 4 static
method were used in measuring the differences in
strength. In the kinetic methods the differences in
acidic strength were measured by the differing effecta
of the acids on the rate of inversion of cane sugar and
ot the rate of decomposition of diazoacetic ester. In
the static method the relative st of the acid
was measured by the extent of salt-formation with
an indicator or, what is in effect the same, by
the stability of the salt upon dilution with an inert
selvent.  p-Dimethylaminoazobenzene is s yellow
hase that combines with acids to form fairly stable
red salts; upon diluticn with an “indifferent™ solvent,
such as chloroform or benzene, the salta decompose
mto the constituent acid and baese to an extent that
waries with the strength of the aeid. This indicator
wes found suitable for comparisons of the strengthe of
wenle or moderately etrong seids. More weakly
basic indicator= (for example, dibenzalacetone and

tol wiolat) were used in the case of v SLIONE
acids, whose salis with dimethylsminoazohenzene
were not measurably dissociated into the constituent
acid and base even at very high dilations, With the
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optical instruments then available, it wea possibla to
make only mug}l.l{[ﬂquantitative- comparisons of
acidic strengths. wever, Hantzach eonsidered
that in principle & chemim! method, such s= the
indicator method, provides the most vwalid criterion
of relstive acidic strengths. Hantzsch alse main-
teined that for many acids the strength, as measured
by chemical remctivity, i= dimins rather than
increased by dilution with weter. According to his
wiewa, water has a “leveling effect™ on the strengtha
of acids because it combines with sn seid, just as does
a buase, to form an “oxonium salt'; ionization, while
n important phenomenon, is a secondary offect
that does not provide & seale of universal vahdity for
the compatrison of intrinsic  acidic  strongths,
Hantzzeh’s mcthods sand conclusions drew severs
eriticism, notably from voo Halban(2]. However,
as rigid appliealion of ihe ionization theory of acmd-
ity and basicity has given way to the Brénsted-Lowry
and Lewia concapts and as an increasing number of in~
veatigators have turned their atlention to nonaguecls
gystems, it has become inm\ensin'fl:,r evident that

antzsch's chemiral criterion of tendency towsrd selt-
formation i3 fundamentally sound. Moreover, it ia
not in violent conflict with eaclier views, #a is some-
times supposed, but 15 in harmony with the concepts
of acids, bases, and salts that have been most widely
accapted during the development of chemistry as a
science [3{!(1

Whila the ionization theory of acidity and basicity
was dominant, the custom developed of applying a
coremon terta, pH, to aquecus solufions irrespective
of whether the solute wras an acid, » base, o & noutral
galt. Later it hecame common practice to caleulate
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the "ecidity constant” for bhasic as well as for seidic
compounda [4]. Thus, in the ¢ase of ammoma, the
earlier representation of its strength by an ionization
constant (approximately 1.8X107%) was succeeded
by the use of the acidity constant {approximately
5.7107% for its “conjugate ion”, the ammenium
ion. The custom of expressing the strengths of hoth
acida and bases in terms of acidity constants is per-
haps one reason why the cemparative strengths of
acids have hean studied more extensively than the
comparative strengths of bases, not only ih water but
al=o in nonequecuz solvents, The neplect of hases
has also resulted from the grester difficulties in their
handling and purification.
Too few studies have been made for any eatimate of
& general leveling effect of water on the strengths of
bagic compounda? although ene would expeet to find
that tha intrinzic strengths of bases, like those of
acids, are masked to some axtent hy water. Trotman-
Dyickenson [5] has proposed a type of leveling effect
at the reason why three separate aquations, rather
than a single equation, were required to express the
relation hetween the catalytic power of u group of
aniline bases for the decompesition of nitramide in
anisgle and the aqueous dissociation constants of the
bases—one equation held for primary amines, & see-
ond held for secondary amines, and the third one
held for tertiary amines. According te Trotman-
Dvickenson's views, the ionic dissociation of amines in
water ia promoted by greater solvation of the cations
s& compared with solvation of the free amines, The
selvation is considered t¢ involve hydrogen bonding,
the hydrogen of the bond being one of the ammonium
bydrogens; stebilization by solvation will thus be
greater for secondary emmonium jons than for terti-
ary ammonium ions, and greatest of all for primary
ammonium ions. As a resolt, the dissoeistion con-
atants maasured in water (or in other hydrogen-bond-
ing solvents) will indicate toa great a sirength for
primary and secondary amines compared with that of
tertiary amines; consequently, in experuments em-
ploying all three types of smines as catalyats in aol-
venta of little or no hydmgen—b-ongllng -::a.pacit.{;, the
ton-accepiing powers of the amines cannot be re-
E-t?ad to the aqueous dissociation constants by a
ingle equation.
iments performed with indicator dyes at this
Bureau {6, 7, 8] have provided other evidence of a
lavaling effect of water on bases. When an indicator
dye ia used in aquenos zoiutions to measure the pH,
cganges in eolor do not depend on the nefure of the
acid or base added, but only on the strength and oo
ihe quantity. For example, in water bromophenol
blue 18 yellow at a pH of 3.0 and purple blue at a pH
of 4.6, whatever the acid or base ndded. However,
in benzene the color uced on the addition of a
base i5 not the aante for all bases but dependa on its
nature, a3 well 83 on ite strength and on-the quanticy
employed [T]. The different colora obtained in ben-
zene, which wera described in the references cited,
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were attributed to different kinds of I%P'dm%an bond-
ing hetwesn besss and indicators. The abgence of
the differonces in aqueous solutions iz evidence that
in water, in place of hydrogen-bonded complexes of
different eolors, all of the hases form hydrated cations.

Evidence of a third kind may he cited to show that
the agueous dissociation constants of hases provide
only an imperfect gj}lidﬁ to theit behavior in media
other than water. H.C, Brown aud coworkers, in an
exbaustive study of steric factors [9], have shown that
the relative capacities of amines to combine in the
paseous phase with ecids of the Lewis type (for exar-
pla, triellcyl derivatives of horon)* depend om the
‘'ataric requirements’” of the amins and the acid and
not merel¥ on the polar effect of substituenta. Thus,
wheo both the scid and the base are highly “hin-
dered" {that is, hava large steric requirements, owi
to the presence of bullry substituents), the proportion
of pddition compound formed iz less than when the
acid iz one of small aterie requirements, suck as the
proton.  In extrems cases, the 2cid and base fail to
combine to any measurable extant.

From theae few sxamplea, it i3 clear that ths be-
Lhavicr of & bese is & funetion of its environment, from
& qualitative as well as 4 quantitative standpeint,
In view of the mounting industrial importance of
organic bases, their numercus applicstions in cata-
lyzing reactions, and their vital role in medicine, it
i= fortunate that they are becoming the subject of £n
incrensing numbar of investigations. .

The investigations of bases performed &t this
Bureau have had ag their main purposs the develop-
ment of methods for megsuring acidity and basiciby
in organic solvents, E:rticulnﬂy in the so-celled
“inert solvents” like benzene and other hydrocar-
bons.® An incidental, but essemtinl, part of the
studies is finding-out how bLases of various clesses
behave in such solventa and the reasons for sny
upexpected phenomens. In one phase of the in-
vestigations, spectrophotometric studies have been
made of renctions in which one of the reactants was
an indicator dye. Some preceding publications [6
to 8] have dealt with the reactione of different or-

it bases with an scidie indicwtor dye omed
“hromophthalein magente E (the ethyl ester of
letmabromophenclphthelein.  The most recent pub-
licntion [8] was concerned with the reactions of
1,3-diphenylgranidine and 1,2 3-triphenylguanidine
with this indicator. FPraviously [6] it had been found
that srylguanidines such as these show the same
patiern of behavior with the indicator ms that of
tertiary aliphatic amines (R,N). Spectrophoto-
metrie evidence was presented [8] that the reaction
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of hasas of thiz type with s monobasic, nonessociated
acid HA in & sclvent such as benzene can be repre-
sented by the eguetions

B N+HA—=R,NH* A" {1}
RN+ R,NHY A-=(R,NHNRE,*A~ (2}

In the first step (*‘primary resction™) the proton of
the ncid HA i= displaced toward the nitrogen of the
basa KN (slthough not trensferred completely),
y‘iuldiﬂf a salt ByNH* A~ {or &), which is, in effect,
a highly polar addition compound. This reaction
is analogous to the eddition of & kase BN to a Lewis
acid such as sulfur dioxide or & tojalkyl boron, The
“genondary reaction’ {eq 2) involves mpture of the
hydrogen bond between N and A and the formation
ol 8 new hydrogen bond betwesn two nitrogen atome,
The sccondary salt, {(R;NHNR;)TA{or &), may be
regarded as consisting of "ion peira.' *

pon application of & compamble sequence of re-
actions to the ionization of an scid {eq 3 to 51 aond of an
amine (¢q 6 to B) in aquecus solutions, ane obtsins

HO+HA=HOHT A {3}
baze

HO0+HOHY A—={HLOHOH,)*+A~  (4)
base

2HO0+ HA=(HOHOH Y+ A

E;N+HOH=R:NH* OH~

H,0--R,NH*. OH-=(R,NHOH,}* - 0H~ (7)
b

R, N4 2HO=(R,NHOH )+ OH- (8)

The over-all reactions (eg 5 and 8) differ from Lhe
"plassical' and Bransted-Lowry formuletions of such
reactions In the following respects: (1) An addi-
tional moleculs of water is involved; {2} the hydrogen
inn is represented s being doubly hydreated! (3} the
sybstituted ammonium ion is represcoted as being
hydrated. The sssumptions made in regard to
hydration are in accordance with a variety of ex-
perimentel evidence previously set forth  [8].
Racent investigations by Rodebush hare given fur-
ther support to the proposed representation of the
hydrogen ton as being doukbly hydrated in agueous
salutions.’

We do oot mean to imply, of course, that aq 3 to 5
and & to 8 are to be repardad as complete deseriptions
of the proceeses by which acids or amines becoma
ionized in water. The behavior of water is so
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complex that no theory yet proposed accounts
satisfrctorily for all of its properties. However
such formulations are advantageous in severel
respects. In the first place, thay bring out cloarly
thnt the fundamsntsl step in the reaction of an

hydrogen acid HA (water included) with a basa 1=

e formation of an additiom eompound. The
formation of this sddition compound involves
displacement of the proton toward a molecile of the
base, but for complete removal of the proiton from
the acid HA » second molecule of a bags ssema to he
requirad {8]. The reactions involved in the ioniza-
tion of acids or amines are thus scen to be mani-
festations of tha tendency of the proton to form s
bridge between electron at‘iva atlﬁmsﬂ a}mh aa
oxygzen and nitrogen, new hydrogen bonds forming
a= previously formed hydrogen bonds are. broken,
Secondly, the cations formed in the over-all reactions
(eq -5 and 8) are represented more accurately than
in the classical formulation or in the Bronsted-
Lowry formulation, in view of the evidence that in
aquenus polations the proton is associated with at
least two molecules of water and water molecules
are coordinated with any hydrogen atoms stiached
to an ammoninm nitrogen.

Furthermore, cur concept of the fundamants],
or “'primary”’, Teaction (eq 3 and 6) as an addition
reaction provides n_ means of harmonizing the
Brgnsted-Lowry snd Lewis definitions of acids, At
the same time, our eohcept of the ‘‘secondary”
reaction (eq 4 and 7} that may occur when the acid
in, question is a hydrogen (ﬁrﬁnstai-l.-nﬁw] acid
smphasizez the distinetive hehavior of the hydrogen
arids that has its origin in the ability of the proten
to form a hond between electromegative atoms.
While the proposad formulations help to clarify the
pointa of similarity and dissimilarity in the behavior .
of hydrogen acids and other compounda regarded
sz acids by Lewis, they do not impede the davelgﬁ-
ment of quantitative relstionships among the
hydrogen acids in aqueous solutions, as the over-sll
reactions (eq 5 and 8) differ from the Brensted

uations only in that an additional molaculs of the
solvent appesars ih our equeations.

Finally, it should be dear from s considoration of
eq 1 through 8 thas the proper messure of the
reactivity of an acid HA in » nomonizing medium
auch as henzene is the sssociofion constant for ita
reaction with some reference base {aq 1), and not &
dissociation eonstant. The primary reaction meas-
ures the tendsncy of the proton to undergo displace-
ment from A~ toward a bage, and this tendency
would be expected to parallel the tendency in
aqueous asolutions for the proton to be separated
completely from A~ by conversion to a hydrated
cation. Likawise, the proper measure of the reactivity
of a base such as R;N in a nonionizing medium 1
the association constant for its resction with some
reference acid. ‘To be explicit, s primary acid-bass
association constant in benzene and other essentially
inart solvents corresponds to an ionic dissceration
constant in water, whereas we should expest to find
inverse relationships between acid-base dissociation

383



constanta in benzere and ionic dissociation constants
in water.

For two reasons the constant K, for the primary
reaction 1s the proper criterion of reactivity in
benzene rather than the constant K for the sscond-
ary reaction {or the product KA (1) In the
pecondary reaction both reactants vary when the
nature of RaN wveries. (2) Under favorsble condi-
tions &, can be messured with precision, but it is
more difficult to ascertain the value of A: [8].
However, when the solvent (for example, watet)
laya the dual rola of acid (eq 6) and of excezs basa
o 7), the first objection does not hold. Further-
more, in such & =olvent the crilerion of reactivity
i of necessity the overail renction, a= the primary and
secondary reactiona csonot be studied separataly’®

In previous papers we have deseribed the spec-
trophotometric determingtion of equilibriom econ-
stants for the primary reaction of hbases with
referance ncids such as hromophthalein magenta E
[6, 8], picric acid [13], and trinitro-m-cresol [13] in
henzena, these three acids, bromophthalein
tnagentsa E i3 the most generally useful. In the
determination of relative strengths, the reactions
heing compared must not proceed too far toward
completion, and pieric acid is too strong to serve
a= & raforence acid for mest of the aliphaiic amines.
Also, the positions and intensitien of the absorption
banda in reactions involving bromaphthelein ma-
gents E are such a3 to permit measurements of
greater precision than can be attmined with picric
acid or trinitro-m-cegsol. A dilute  soletion of
bromophthalein magenta E {in the range of con-
centrations 10-% Af to 107" M) has a yellow color,
which shifts through tones of orange and red ss
minute, accurately measured increments of s baze
of the type KN are added until a sufficlent excess
of the baza has been added io drive the reaction
eesentially to completion, whereupon the color
becomea mapenta. From messurementa of the
absorption of stuch solutions at suitahle wavelengths,
tha association constants ara readily calculated.

(The secondary reaction indicated by 2 pcours
when a very oxcess of base is added and is
racognized by a shift in color from magenta toward
blua.}

In this paper studies of the reaction of 1 3-di-p-
tolyleranidine, DH,C.HJ:TH{C=I;IH}I§HC.H+CH3,

with hromophthalein magenta E in benzene at 25°
O are deseribed. Ditolylguanidine i3 one of the
arylgpanidines that react with bromophthalein
megentsa E in the same way as tertiary aliphatie
amines {BaN). One purposs of the studiez was to
chack a provisional measurement of the association
constent for the primary rosction [8]. A second
ohject was to attempt to measure the constant for
the secondary reaction. In the final portion of the
paper the associstion constant for the primary
reaction is compared with the constants previous

found for the reaction of hromophthalein magents

¥ it wil be clear frod the discnsabon thet atbempts to sxprass the strength of
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in benzene with triethylamine, 1,3-diph &ri-
dine, snd 1,23-triphenyigusnidine, and the rela-
tionship between the essociation constants in hen-
zene and published ionization constanta for the
same bases In weter 1s discussad,

2. Equipment and Procedure

As in precading atudies of the reaction of hromo-
phthalein magenta E with bazes [6, 8], the deta
with 8 Backmea Maodel DU quartz
photoclectric  apeetrophotometer.  However, the
data given in this paper for ditolylguanidine were
obtained with a recontly purchased instrument, and
the storage battery waa operated from a power
supply unic* The cell compartment, which was
conetriveted of cap‘i‘er and bress partz in the In-
gtrumant Shop of the Bureau, was very similar to
the thermostated air bath previously used [8, 18]
sxcept for a different atrabgement for cireulation
of water .thmulgh tha botiom, side walla, and top.
The outeide of the compartment waa plated with
chromium over nickel; the intetior was treated
electrocheinically to produce an optical black finish
In uvse, the temperature of the compariment varied
from 25° C by less than 0.1 deg C, while the
temperature of the room wee azotomatically con-
trolled to stay botwoen 24% wnd 27 C but was
usuplly hatween 24.5% and 255° €. The atock
solutions were kept in the constant-temperstore
bath which econtrolled the temporature of the cell
compartment. In other respects the equipment
and procedure were a8 previoualy described.

The following terminology and eymbols are used
in the diwcusaion and the Agures: €0, and % are
the initial concentration of the zalt, aeid, and hase
respectively, in moles per liter; [ﬂ, [4], and c[l% are
the molay eoncentration of the salt, seid, and ba=o
respectively, in an equilibrium mixture; S, is the
PrIMATY s&jt, and &: i3 the secondary salt. T,
{transmittency of the soluts)= Toua/Teay; A, (ab-
sorbancy of the asolute)=—log,T,: au gnmlar
sbsorbancy index)=A,/5Af, where & s the eﬂ:yth
In centimeters of the absorption cell, and is
the concentration of the aolute in moles per liter
of solution.

3. Maiterials

The purification of the benzene and the prepars-
tion and purificstion of hromophthalein magenta K
were described previously [6]. A commercial grade
of di-o-tolylgunnidine, the ncutralization eguivelant
of which indicated tjle presence of 1.1 percent of
inert impurity, was reerystallized twice from 95-
pereont ethanol, washed with benzene, air-dried over-
nj%ht, then dried in & vacunm oven at approximately
868% . After reerystallization, the melting point
waz 1758° to 176.5° O, and the titration of three
successive sampies gave tha fellowing values for the

:uuanuhuum-dhrtha Fiaher Sedantidic Co .
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helptul mﬁmﬂm Tha elactroplating we8 dond ln the Elettrodopositlon
Bactlon of the Buresn,
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imrlt.:,r, expmsﬂad as percentage; 99.87, 100.01, 05.949.
n the titrations, semples weighing uppmxlmnt-aly
0.5 to 0.7 g wera dissolved in redistilled 95-percent
ethanol amf titrated with approximately ¢.1-N stand-
ard aqueous hydrochloric acid, with sn sgqueoua mix-
ture of methyl red 2odium salt and alphazurine [14]
ps indieator.

4, Data and Discussion

4.1. The Primary LHeacton of Bromophtholsin
Magentn E with 1,3-Di-o-tolylguanidine

The progressive changes in spectral absorption
that acmmpanﬂthe pmnar:,frmtmn of bromophthal-
ein mte 2.5»107%-M in benzene, H-nm
al:-s.orptmn cells) mth ditolylzuanidine are illustrated
in figure 1. The absorpiion curves were measured
over the wavelength reglon extending from 320mu
to the longest wavelength st which there was messor-
able absorbancy." Curve A is for the indicator
without addesd base, and curves 1 w 3 are for its
mixl;ures with approximately 7.3>(107°-Af, 145

M, and 2181075 My ditolylgvanidine, re-
twel},f When the concentration of ditolylguani-
mn was progreszively inereaeed in the ranpe from
2.5%101] |:1[I moles of base to 1 mole of indicator)
to 10~*Af (40 moles of base to 1 mole of indleator),
the sueceasive abaorpiion curves showed no measur-
able difference. The curve for the =olution that con-
tained 6.25%10°%-A ditolylguonidme (26 molar
equivalents) was adopted as the limiting curve for
the primary reaction and is shown as 5) in figure 1
and subsequent figures.

Woll-marked isosbestie points ocour nesr 355 and

d58mp just as in the resctions of bromophthalein

i Abswrptlon in thiz reglon e aaocibed Lo the indicsior and | megents zatt.
A hemeene podation of dliolylgeanidine in & Smm abscrptlon sl doee it sbow
Toesstrabb abeorpion at warelengtha longer than approzlmakel y 380 Lo B

Svan &b A conoanteatlon sa great 48 00207 The abeorpilon dos o ditolFigean-
djm it pmba.htl'gald]tt&i sllih‘l:.l toarard shorier wavess when 1t oo hinad
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ta E with other bases of this type {6, 7] and
a3 13 usual, are regarded as satisfactory evidence o
the absence of side reactions.

The data vsed in the ealeulstion of the primary
a=sociation constant and the caleulated values are
presented in table 1. The ss=ociation cohstant is
the equilibrium eonstant corresponding to eq 1, ¥
which, with & different choice of symbolgs, 16 the same
a8

A (acid)+B (base)=3, (primary selt).  (9)

From messurementa st 540 my, the caleulated asso-
ciation constent (K, or Ko.) 13 1.1X10" from

with ha,-nmph i} mwmm o form e maponiis Wherp the mneen- -
ity waa puaved In hﬁ&,‘:m@;‘“m&m‘*‘mﬂ o Srouiar, the ams | Mmeasurements at 405 my, the value is 1.0 10°. In
E:".:“.;'Fm feeel (L e referemes pall & parallel series of maasuremants with different atock
Tavnrk 1. Bxperimental dote and aaan-:u:!mn eonatant for the primary regclion of bromophthalein magenia & wiih
-di-p-{elyplpuanidine in benzens
Fram HeasHrapsenb pi—
Cy LU T 405 ma
At (5= {dl== (18 Fom. K,

1405 bt 0.3 L 743 10 L 28 1 & 070 M L IR o LT
15 L 1.37% L1 1 Lo A
tin 33N 1. 545 0435 T am N
1830 L3536 1. 677 EH T L L
T 373 1. 786 .75 -1 1.02 .3
195 . lisT 1671 50 .25 117 1.6
un Ay 1M 658 L4 L e
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= [ makea Iltar of whedon.
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soiutions and =lightly different concenirations of
ditolylguanidine, the same values wers obtained.
The value for 540 mp is probably the beiter, sz any
errors ara likely tc be greater at 405 mp where two
timiting valuea have to be determined {one for the
indiciator, as well as one for the salt). The changes
in. ab=orption are also greater at 540 mua and corre-
gpond to & more suitable range of absorbancies.
There i3 evidence that ditolylpusnidine, likn other
bases, iz adsorbed to & very smell exteant on glasa
{prehably in 2 monomolecular layer) ; the error caused
Ejf auch adsorption {or actual salt-formation with

icic acid groups in the glass) would vary with the
extent of contact of the various solutions with fresh
glasa surfaces during their preparation and would be
greatest for the solutions thai contain the smallest
concentrations of ditolylguanidine. (For this reason
the data obtained for concentrations of ditolylguani-
dine less than 1.25% 10~¥Af were not included 1o the
computation of Kuw) The association constant
could be massured with greater precision if ditolyi-
guanidine eombined less readily vnth bromophthalein
megenta B; even at the “limiting” concentration for
the reaction, the ditolylzuanidine ia less than 10-5-Af
in concentration. However, we believe thet when
all conicejvable sources of srror are fsken Into azc-
count, the valus chtained for the association constant
ia well within =10 t of the correct value.
The provisional value (.§3%10% found in earlier
axploratory studiea [6] probebly indicates that o
amall amount of inert material was present in the
sample of ditolylpuanidine used at that time. The
ditolylguanidine had been recryetallized twice from
henzena (n method of purification that had proved
satisfactory for diphenyiguaniding), but ite purity
was net checked by titmtion. Later it wes found
for a different sample of ditolylguanidine that a
satisfactory neutralization equivalent could be ob-
tained by receyetallization of the sommersial mate-
:]rJinI from ethanol, but not. by recrystallization from

enzene.
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Fiooer 2. Graphion! evmiuaifon of dssectotisn ronafanis for
i‘:ﬁstzr‘imury rancfipn of bromophifalein mogenia B with boger
in berizens,

Fafi |, 1,2,34r IRuanlioe: B, trivthylwmlos; Fed, 13-d] aql=
dhe’.' 'i‘] + Lii-di-g-tol Flguacidigs : Fheazlau

Giraphical evaluation of the association constant
iz shown in figure 2. The association constant for
tha primary reaction in logarthmic terms can be
axpresasd by the eguation :

loglS/(4]—log [Fl=log Kuw.  (10)
In fipore 2, log [S)/14)] is plotted against —logiH].
T]:mgtheorct.i curve g E Bt.r&.igﬁ% line of 51:511.'
—TI.

Log K., i8 tha intercept on the horizontal
axis for log [%!’]gﬂ]mﬁ. The solid cireles near the
line marksd T7 indicate the values obtained for
tha ]:-rimarji reaction of bromophthalein magenta
E with ditolylgusnidine. The velues from the two
paraflel experimente ars distinpuished by the vertical
or horizontal lings through the solid circles. The
syrahols Po?, EuN, snd P indicate previcus
results [8, B] for the resction of bromophthalsin
magenta £ with triphenylguanidine, triethylamine,
and diphenylguanidine, respectively; the correspond-
inp aesociation constants wera found to be 525,
23X 106, and 2.2% 105, %

4.2. The Sacondary Reaction of Bromophthalain
Magenta E with Di-o-tolylgnanidine

As mentioned eerlier, the sscondary reaction of
bromophthalein magenta E in behzene with bases
of this t}*{)e {eq 2} 13 indicated by a shift in the color
of tha eolution from enta toward hlue. In the
reaction of 2.5 107%-AMf bromophthalein mapenta
with ditolylguaridine, the rate of change with
inereqeing eoncentration of the bese was smealler
than in the case of the reaction of bromephthalein
magenta E with diphr?@anﬁhe1 Furthermora,
the measurements could not be extended to such
high concentrations of the bass, becauss ditolyl-
pueniding i= less =oluble in benzene than diphenyl-
guanidine.® 1In figure 3 is shown the ¢change in the
abeorption curva that accompanied an inerasse in
the concentrationof ditolylguanidine from8.25 X 107
M (curve &} to 0.02178-M (curve 2). Enlaged
sections of these two curves in the wavelength
range 500 to 600 myu and & pertion of the curve for
a solution that vontained 0.01-M ditolylguanidine
are shown in figure 4. The thres curves in figurs
4 intersect near 547.5 my; eovres for solutions that
conteined nternediste concenirations of ditol-
¥lguanidiae had the same isosbestic point. Study
of the eurves reveals that as the absorption near
540 mp decreases, the most marked ineras=e in
sbeorption occurs near 585 mp, which is probably
the apprommate location of the head of the men

1 Tha eeacciation conatank 3.2 10H ehialoed ke the masllon of brie L
with tromephihelein m ety
cloza to the troe vnlge, oltbougl fhi teasivemmibs weos mads Babore toe thes-
mastoted o0l omnpmrt ook hed been obtalned. FPredlminary nossorensents wikh
hmmﬁtthlﬁn mmgeits B wre fndicated By the codles [nkerasited by vertlal
Ilne= romainilng chrede, wilh bowlso wﬁ Uned, Indioate & mone

gy mries of Trsmiressentd  with  beo mapenta B fthe
m;-l wmber o i=frahromopleerol o), pevformed nodar sonewhatb betber
controfied congiHms, e brlmee that odse Ehe most ferorabls srperiments
coqelitions Eba sesgria o eotedbant worild be found to be sxpetly the sanoe fw the
remction of lrfethylubndos wilh bromophtbabaln megsnta X a4 e lis reaetbon with
hromaphthalein moemts B.

1y, 0] AR A ot ook oo F oL Lo 3 g i Lol e s e e limnd ¢ of polukiliEs in bensems
nt A7 O, wibdle 0.07-A diphenylzuanidios and 0.2 M triphenripoanbdine were
prepared withaul AIfleeley.
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Frovre 3. Chenrgey ir ghanrboney aceomponying ihe secondary
reactioh of bremophthalein magenta E, f5xi0-M s
benzene, wth di-o-tolylguanidine,

#, BEM_E with 6.2510-L0M base carve for primacy Tesetlon):
%, ‘With D.OZITE-RS Dase. (ianliing

absorption band of the sacondary salt, ;. When
several solutions in this series were tested after
standing for about & month, the abhsorption curves
ware the same s those obtaited within an hour or

two after preparation of the solutions. .
An praviously found for diphenyl- and triphenyl-
guanit?i:m [8], further shifts in the abaorption curvea
longer wavelengtha occur when the concen-

tration of both the indicator and the base are greatly

imcreased. The changes ave illostrated in fipure &.
The shapes of the curves indicate that an abeorption
curve with a strong band near 585 my is changing to
8 curve with & strong band in the vicinity of 600 mp.
We believe this change to he caused by aggregation
of molecules of the secondary salt. When an attempt
was made to prepare a solution with ¢.003-M indi-
eator (bromophthslein magents B) and 0.006-M
hase, it was evident that the limit of the =olubility of
the salt had bean exceeded.

An over-all picture of the primary and secondary
reactions is presented in figure & The changes in
wbaorbatcy at two wavelenzths, 580 mp (curve ln)
pnd 590 myp {ourve 1b) are plotted apainst the
aguare root of the concentration of ditelylzusnidine
{which "is apain expressed as meclar equivalents
of the indicator). ith minuta additions of the
hase, the sbsorption at first incremses rapidly;
this is the region of the primary reaction. At inter-
mediate concentrations, there is no measurshbla

At high concontrations of the base, the ab-
sorption again shows a measurable, although slew
rise; thiz 13 the region of the secondsry reaction.
Dotted lines 28 and 2b show corresponding changes
in the sacondary reaction of bromophthalein megenta
E with diphenglpuanidine; the rate of change is

0.55_—1—r|||||r|]||ll|l-

Mﬂ.:....l....l....l.a

0o 520
WAVELENGTH, M
Fiavre 4. Chonges in ehaorbancy aecompanying the secondary
reaction of bromophihclein mogeniz E, BSMMAAM in
benzene, with di wlteanidine,
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Fraure 6. Oh ¢ in the molar abeorboscy of benzens solu-
tions wilh variodion in the concentrafion of botk bromaphtholein

magenls E and di-o-tofplguanidine.

2R A BPM-T with S0l Daae, hﬁauxwt-ﬂ ErM-E

5,
wrifh 0,00 1-A Baee; 3, 20005 BEM-E i 0.004

clearly appreciably ter for diphenylgusniding
tol a.mﬁ:

then for jlﬁ If data for

been plotted on

my had

is figure, they would have shown a

steeper rise in the region of the primary reaction, &
platesu in the same region as those in curves e and
1b, and 8 very slow e in absorbancy in the

region of the secondary reaction.
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fdﬂyt' the primary and secondery reaclions of PO < Iri=M

ramopaifiaicin megenie E wiih 1, di~o-lolyfguanidine and &,
diphenyiguanidine in benzene,

Smm oellz. B, 5B mw D, M0 g O 1x db? esascodmation of the baee ez
predoed 58 mokar squivelents of DFM-E; [ Bl Uy

_ From what has been said, it 1s obvious that the
limiting curve for the secondary resction of brotmo-
phthalein magenta E with di-e-tolylpusnidine could
not be obisined experimentsally. In the previeuns
ex[ienmlmts with diphenylguanidine [8], it was pos-
gible to work at higher soncentrations of the baze,
and, ag already mentioned, the absorbancy at the
longer wavelengths changed more rapidly with in-
crense In the concentration of base ss the magenta
rimary salt was converted to the blue seeondary salt.
¥ trinl and crror B limiting value was found that
gave a series of 10 values of K in very good agroo-
ment, with the average value 15.5. Becsuse the in-
erements in absorboney, which of eourse had to he
measurad on teep portions of the curves {(see figs. 3
and 4), were 3o much smaller in the case of ditalyl-
guanidine in the limited range of concentrations that
could be studied, it was not possible to estimate the
limiting walue with as high a degree of certainiy.
However, it is reasongble to assume, for a Tough sp-
proximation, thet for two such closely relsted bases
a3 diphenyl- and d.itnl{llgunn_idjne the limiting value
of the abzorbaney for the secondary salt would be the
same.  On the assumption of the same limiting value
{0.680) for the two secondary salts, the walues in
tahle 2 were ealcalated. The method of caleulation
was the sama as that described in [R]. The values
thus obitained for the secondary association constant
K;, given in the last column, range from 5.9 to 6.8,
with the average value 6.4.
A grephical evalustion of the secondary associa-
jon conatant A is shown in fipure 7. The gymbols
2, Pi7, and Fy@ have the same significance as in

|
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Frzurg 7. Grophical eofeatien of equilibrivm conxionés for

ha secondory reaction of bromophihelsin mapenta E with
Tades in bemrane,

T 1-o-tol hile; Py, oiding;  Fy7,
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Tanws 2. Erperimental dota ond dasociefion condfant {m‘ Lhe
secondary reaction gf hromophthalein moagenfa B wilh di--
{olylguantdine i benrene
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figure 2, as also do the horzontal and vertical lines
through the solid cireles. The construction of fig-
ure 7 is analogoua to that of figure 2. Figure 7
indicates how close all the walues for diphenyl-
iding are to a straight line of the theoretical
pe —1. There s mu tﬂemﬂ uneertainty about
the walue of the K for reaction of tnphenyl-
Emlidine with bromophthalein magenta E [
owever, the tendency for the secondary remction
to oveur gppears to be in the reverse order of the
magnitude of the primary msscciation constant.

4.3, Dipcusgion
The walues given in eection 4.1 for the primary

nssociation constants (&, or Koo, ) for the reaction
of bromophthalein magents E in benzens with the

ase



bases dizcussed in this paper place the bases in the
following order of increasing atrengy.h: {1} triphenyl-

anidine, (2} tristhylamine, (3} diphenylguanidine,

4) di-e-tolylguanidine., It is of intersst to compare

the relative as=ociation constants for the four bases
in benzene with their iomic dissociation econstants
K, in water. This compsrison een be made from

ure 8, i whick lo e, [log K.} In water is
plotted against lo e, 11 Benzene  For each
axis, the lowest values are thoze nonrest the origin.
Therefors, if the tendency toward salt-formation
in benzene parallelad the extent of ionization in
water, the values for the four bases should fall on
or close to a line of positive slope. It is obvious
that they do not do so. (In fact, for the three
8 est bases one might suspect an inverse rela-
tionship.} The figure also shows clearly that the
values vary over & gregter range in benzene than in
waler,

One of the porposes of studios such as these is o
sacertain the causes of any lack of uniformity in
tha behavior of bazes with diferent acide and in
different solvents, i order that acid-base behavior
may bhe predicted as well as understood. Although
a complete interpretation of sur data musi aweit
the secumulation of know from more cXteheive
experimentation, it is possible to draw some tenta-
tive coneclugions. The first point to conasider, how-
ever, is the possaibility that any of the conetants ara
unreliable. As to the association cobstants deter-
mined In benzene, we believe thet any conceivable
errors in the values would not affect their relative
order of magnitude, Thare 1= also probably no
guestion sbout the relative magnitudes of the aque-
ous jonization constanta for triethylamine, diphanyl-

vanidine, and triphenylguenidine. Thea aqueous
%msm‘ iation comatant for di-o-tolylguranidine was
determined by Metz [20], who also measured the
ionization constant for diphenvlgnanidine and
adopted for it & value slii]:t.] Y imat.cr than that for
ditolylguanidine (althou aﬁg tly lower than tbe
accepted value). Metz did not claim high accuracy
for his mesasurements, and bi= values for differcut
eonecentrations ars not in close sgresmant. From a
serutiny of his data no conclusion appears warranted
other than that diphenyl- and di-o-tolylguanidine
are of about the seme bagicity in water. Ferbaps
the same value (—4.0) should have been used for
hath bases m the construction of fizure 8. How-
ever, & MoTe precisa measurament of the basicity of
di-s-tolylgusnidine in water is desirmbla,

The effects of substitughts on the basicity of

idine have been studied by Daviz and Hlderfield

21], Hall and Sprinlkle [YET%.]’ eland and coworkers
3], and Angyal and Warburton [24]. The high
agicity of guanidine, which approaches that of
sodium and potsssium hydroxides (21, 22] has bean
explained by the resonance hypothesis [25, p. 212];
that is, the gusnidinjum ion, because it resonates

bl b, i bz
tankding, Bl
—4.0, —4.53,
£, the other
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Froves B, Comporativs sirenpifn of bosea o8 measured b
Freaciaiion m'!f bromophifalein migestis E in ben2ens a
by tonie disecctalion conslantd 6 woler,

a L klee; B, trleth jos: Fyld, L3 k-
mmiut;zﬁprﬁﬂ?rmmhh;. trletiplamiae; 1 #-dipheny

among three equivalent structures, i= more siable
than puanidme, which resonates ameng three atruc-
tures of which only two are eci_‘uivalant. Raplace-
ment of one or more of the hydrogens by alkyl
groups bas almost no effect on the strengih in water
|21, 23, 24]. However, the basicity In water 13 pro-
gressively weakened a3 phenyl groupe are introduced
i the 1-, 1,3-, and 1,2,3-positions [22].% On ithe
resonance hypothesis, a reduction in the basicity by
the introduction of phan}l ETOUPS it to be expected,
because phenyl derivatives of gusanidine are also
derivativez of amline, and the nitrogen atoma will
ba involved in resonance with the benzene rings just
ns in asilive [25, p. 206" Tha;éima!.er reactivit

of di-o-tolylguanidine, as compa with diphenyl-
guanidine, with the acid bromophthalsin magents E
in, benzene may result from the affect of the ortho
methy] substituents in reducing the aniline typa of
resonanee. As just noted, the aniline type of reso-
nance would have & base-weakening effect; sterin
inhibition of this resonance should have & base-
strengthening effect, If this line of reasoning is
vorrect, still greater reactivity should be found for
compounds such ps 1,3-dimesitylguanidine, in which
the aniline groupe have subatituents in all ortho
positions. Strong bases are needed for titrations of
weak acids in nonaqueous solvents, and various
derivativos of gusnidine are worthy of aitention in
this connection, Although the only aveilabla value
for di-o-tolylguanidine [20] is of too provisional a
chamoter to justify & finnl decision as to the relative
hasicities of di heny]ﬁuanidinﬂ and di-o-toljrlfgunni-
dineg in watar, t‘l):a gimlarity of Metz's results for the

u The hering of sybailtabls onlarme to the folliwiog formole {or the
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two bases su ta that solvation by water may have
# leveling effoct on the basicitiss, Nevertheloss, for
the three gpuanidines considered in this paper (di-
phenyl-, ttiphenyl-, and di-o-tolyl-) theve appears
to be &t least 8 muE;]‘:llrmportionnlit}f betwaon, tha
basicities in benzena water.

In ihe introduction, two fastora {solvation [IEL and
steric effects [0]) that mey affect the strength of bases
were di l}rieﬂ{. A more detailed discussion
will show that the behavior of triethylamine is strik-
ing]l]j;;ie ndent on its environment, For spme years
it een known [28] that when the b o
atoms in ammonia are replacad succeasively by ethyl
%uﬁa’ the first and second ethyl m:p& increase

ssicity in water, but that tl?l.re icity 18 then
markedly reduced by the third athyl group. That
15, the order of {:@aic strenpthe m water is
NH;< EiaN <EtNH, < Et,NH.*

The beas-strengthening effect of the firat and second
alkyl groupe 8 commonly regarded a8 & polar
i N ; .

positive inductive'} effect, and i oo up‘ﬂosmg
}actur wers in operstion, & third group should in-
crense the basicity etill further rather than decrease it.

Tha relative order of basicitice found n water does
not hold undsr sl conditions. For example, Rim-
hach and Volk [26] atudied the partition of nitric acid
between the optically active base, cinchonidine, and
8 large number of optically inactive aliphatic and
aromatic amines ® in aqueous athanol (97.5%, sihanol
by volume). A smaller number of bases was siudied
in 99.5-percont mathansl. In soms cases equilib-
rium whas approached by adding cinchenidine te the
nitrate of the inactive base, and in other cases the
inactive base was added to cinehonidine nitrate; the
resyltz from the two maethods did not differ signifi-
canily. From these measurements, the comparative
strengths, or “avidities”, of ihe wvarious optically
inactive es were estimated. Tn every series of
Frimary, secondary, and tertiary amines the mono-
derivative was found to be the sirongeat and the
tri-derivative the weakest. Dblore recently, Brown
and Taylor {30, 31] have ohserved that with hydrogen
chloride ua) ag the reforence acid the ordsr of
baaicity of the ethylamines (gs shown by their ten-
deney to combine with the acid} iz the same a= in
water. However, with trimethylboron as the refar-
enca acid, the order is sltered to BN NH;<
Et,NH{EtNH,, and with to-t-butyl-beron thera 18
a further change in order to Et,N < Et.NH < EtNH,
< NH,. Thus, it appears that the order of strengths
varies with the steric requirernents of the reference
acid, and that a: thees requirements increase the
gteric requirements of the basa becomne more vital.

Brown [0, 31 to 33] haa s ted reasons why the
ethylamines behave as hindersd aminee towurd a
rather bulky aeid like trimethylboron. His detailed
explenation may be summarized as follows: In

yiemine it soams likely that there are three etabls
configurations of the ethyl group, in one of which the
methyl group is close to the free elaciron pair of the

'D*ETE‘h‘i a:'mi:uﬁrl:ﬁﬂﬂmm Belde wiwet i alky] sobatiioent b methyl,
Thewm irvioded ail of the methyd, et 1, {sobarty], Bz, and
ik ) byl a-propyl, dsobarty] b

nitrogen atom. This eonfigeration would be tEm_
hibited in an addition compound with trimethyl-
Loron, and the restniction of motien of the t:t-hg'l group
would cause & certain amount of strain in the addi-
tion compound that would ba relieved by dissociation
of the compound. In sn addition compound of
dieth lmimnﬁwith trimet]t:_l}ril]:;mnhthiem i5 only ;ﬂa
pessible configyration o ethyl proups. @
addition compound has slmost no fresdom of motion
and iz therefors under sppreciable strain. Conse-
quently it has & low degree of stability. In imethyl-
amine one of the ethy) groups is adjacent o the free
alactron pair of the nitrogen. The amine cannot
combine with tﬂmath%hnmn without undergoing
changes in the normal bond angles thet result in a
crowding of the athyl groups. This explains wh
the addition mmpounglm iz highly etrained =an
extremely unstable., ) .

The large steric requirements of triethylamine are
evident not only in the instebility of its addition
compound with trimethylboron but in ita raletively
low rates of roaction with alkyl iodides in mitro-
benzens solution [33]. In the reactions of Aamines
with al halides to give tatrasikylammonium
halides, the first step is thought to be the formation
of an addition compound {“activated complex'™) of
the amine and the allyl halide. On this hypothesis
it i= ensy to zes why the rate of formation of the
tetranlkylanzmonium halida will ba decrensed if the
gteric requiremente of the reactanta are such as to
impede the formation of the mmtermediate complex.
Very recently Toy [34] has reported that the synthesis
of tetraalkyl dithionopyrophosphates, by the action
of b tertiary amine on & mivture of water and dialloyl
thionochlorophosphate, appears fo involve inter-
madiate formation of a complex of the dislkyl
thionochlorophosphate and the t.u:rt.im;iI antine.
With an unhindered amine a high yield of the desired
produrt ¢an be obtained, but with iriethylamine and
other hindered amines the yields are greatly reduced,
in conaonance with the experience of Brown and his
coworkerg in their studiss of addition reactions.!?

Brown has stated [32] that the ability of hindered
amines such ns triethylamine “to react with agueous
seids is not notices o¥ affected because of the low
sterie requirements of the proton.” Tt should be
berne in mind, however, that in water, 28 in other
media, the proton does not have an 'imiﬂpﬁ‘ml{ﬂﬂi eTialence.
IF it 15 mot part of some peutral mofeculs, it 12
n=sgeiated with molecules of solvent, and tha steric
requirements of various protogenmic molecules and
1008 when reacting with bases ars not equally great,
As poted in one of our earlier publications ([8, p. 232]),
the reactive proton in & molecule of bromophthalam
magenta E probably forme a bridge between the
phenolic o and a neighboring bremine stom, 50
that the molacules do not underge intermelecular

16 {IJoke added aiber muapketion of the maouecripe.) Sems Fapaness workars
[35] b atudied the sepearatban of Tarlews am tlar BHIT SOTE
alcubolly solntins afler parilal nentrallzatin of the hydrochhoridea
bearo hdew} bar alkall, ‘E{nﬂum of ali 3 by -

#lm studiod. ixibocs Biled '
distllpim, sdwgrhaddlliy m:.a.n.dnqmmd}mdahmmunrmlﬁ

nerepancies bobwenn the
. Thelr shtorvatioy land ber auppert



eesociation. ‘There is no apperent reason for classi-
fying bromophthalein magents E as » hindered acid,
but ita staric reguirsments may be enongh gruater
than thosa of tha hydrated proton to account for
lowered reactivity with a base as highly hindered as
tristhylamine. Furihermore, in benzene stabiliza-
tion of the cation by solvation does hot occur.

An earliar observation {J8, p. 256]) as to the behav-
1or of bremophthelein magenta E when dissolved in
some hindered sloohols seems pertinent to the present
discussion, The ta color of the solutions
suggested that the indicater acid forma an addition
eompound with a hindered sleohol, but does not
und wnization to form its blua anion, as it
dogs in_ unhindered sleohols like ethanol, The
explanation proposed was that the hydrogen bridge
in the addition componnd is ehielded by hydrocarbon
radicals in, the alechol, 20 that {urthker solvation of the
pPIoton (necessary for ionization, according to the
views pregented i the mtroductmn to this paper) is

impeded. If this explanation is correct, 1t should
fu ow that when BPM-E has cumbmed with a
reactive but highly hindered amine [ tll 1}, tha add:-
tion compound 3, will be les= su=ceptible {o atteck
exeosd base than when the pmine is not hind
In support of this Bredict-icn, qualitative testa of the
re,nctmn of BPM-E with several aliphatic amines m
benzene have indicated a greater tondency for the
secondary reaction (eq 2) to oceur when Eminea
cohtains one or more methyl groups than when the
smallest substituent is an ethyl group, These con-
giderations lead to the conclusion that while & hydro-
gen acid and an organic base may be suficiently
reactive and unhindered t¢ form an addition com-
pound 8, it will not nacessarily follow that 5 will
un; ionization whan an exeess of the eame base
is added. Iontzation may resuls, however, if & base
of low ateric raqlmrementa is added to the ayatem.
Such ideas are helpful in understanding why the addi-
tion of & vary mmute gquantity of watar has been
feund in some easss to have s merked effect on the
ionizetion of acids and hages in nronaqueous solventa.

The results reported in this paper are of immediate
practical interest in demonetrating how mielesding
the aqueous dissociation constants may be us » gage
of the relative reactivities of bases in a Donaqueous
solvent such as benzens. It eould not have been
prndmmd that ddphﬁnyl- and dltrnlylglm.mdme, which
spem t0 be decidedly weaker than tristhylamine in
water, would ha 8o reactive with bromophthalein
magents E in benzene, Although wery limited in
scope, the results indicate that water has n leveling
effect on the sirengths of bases as well as on thosa
of acids, and thet aterie factors are important in the
rezctions of bases with protogenic acids as well as in
their resetions with Lewis acids.

It can be predicted that when the strengths of a
series of bases are compared in different media, a
greater number of irepularities will be oheerved than
m 8 similar compsarison of the strengths of hydropen
acids. Although hydrogen acids may differ some-
what in steric requirements and their behavior may
be modified by mtramolecular hydrogen bonding,

they have more in common from s structural stand-
oint than do the orgsnic hases, which may owe their

psicity to nitrogan, oxygah, or varions other atoms,
B2 well a8 vary over a mcierr rangs in their sterie
requirements.
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